With interest waning in the use of cyclooxygenase-2 (COX-2) inhibitors for inflammatory disease, prostaglandin receptors provide alternative targets for the treatment of COX-2-mediated pathological conditions in both the periphery and the central nervous system. Activation of prostaglandin E2 receptor (PGE 2 ) subtype EP2 promotes inflammation and is just beginning to be explored as a therapeutic target. To better understand physiological and pathological functions of the prostaglandin EP2 receptor, we developed a suite of small molecules with a 3-aryl-acrylamide scaffold as selective EP2 antagonists. The 12 most potent compounds displayed competitive antagonism of the human EP2 receptor with K B 2-20 nM in Schild regression analysis and 268-to 4,730-fold selectivity over the prostaglandin EP4 receptor. A brain-permeant compound completely suppressed the up-regulation of COX-2 mRNA in rat cultured microglia by EP2 activation and significantly reduced neuronal injury in hippocampus when administered in mice beginning 1 h after termination of pilocarpine-induced status epilepticus. The salutary actions of this novel group of antagonists raise the possibility that selective block of EP2 signaling via small molecules can be an innovative therapeutic strategy for inflammation-related brain injury.
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cAMP | brain inflammation | neurodegeneration | neuroprotection | epilepsy C yclooxygenase-2 (COX-2), the inducible isoform of COX, is rapidly up-regulated in damaged tissue, for example in the central nervous system (CNS) after a seizure or cerebral ischemia (1) (2) (3) . COX-2 induction in CNS overall contributes to inflammation and injury mainly by producing prostanoids (4) (5) (6) (7) . However, the deleterious cardio-and cerebrovascular side effects from sustained inhibition of COX-2 suggest that some COX-2 downstream prostanoid signaling might be beneficial (8) , such that modulation of a specific prostanoid receptor or synthase could be a superior therapeutic strategy compared with generic block of the entire COX-2 cascade. Prostaglandin E2 (PGE 2 ), a dominant enzymatic product of COX-2 in the brain, can activate four Gprotein-coupled receptors (GPCRs): EP1, EP2, EP3, and EP4. Among these, EP2 and EP4 receptors are positively coupled through Gαs to cAMP production (9) . In turn, cAMP can initiate multiple downstream events mediated by protein kinase A (PKA) or exchange protein activated by cAMP (Epac) (9) .
The EP2 receptor is widely expressed in both neurons and glia (3, 10) . Neuronal EP2 activation appears to mediate some beneficial effects, such as PKA-dependent neuroprotection in acute models of ischemia and excitotoxicity (3, 11, 12) , early neuroprotection following seizures (13) , and promotion of spatial learning (14) . Conversely, on the basis of the phenotype of EP2 knockout mice, EP2 activation is thought to promote inflammation and neurotoxicity in animal models of neurodegenerative diseases including Alzheimer's disease (15), Parkinson's disease (16) , and amyotrophic lateral sclerosis (10) . Glial, especially microglial EP2, is considered to play a major role in brain inflammation associated with chronic neurologic disorders (10, 16) . Genetic ablation of the EP2 receptor reduces oxidative stress and improves cell survival, accompanied by substantial down-regulation of enzymes that produce reactive oxygen or nitrogen species such as inducible nitric oxide synthase (iNOS), NADPH oxidase (NOX), and COX-2 itself (10). EP2 receptor activation by PGE 2 has also been reported to elevate iNOS expression in activated astrocytes by potentiating the response to the inflammatory cytokines TNF-α and IFN-γ (17) . Moreover, the EP2 receptor is involved in spinal inflammatory hyperalgesia and neuropathic pain (18, 19) . In the past 2 decades inflammation has emerged as a common feature in many if not all chronic neurological disorders and is widely believed to play a pivotal role in subsequent neuropathogenesis (20) . For these reasons we hypothesized that pharmacologic block of PGE 2 /EP2 signaling might represent an innovative strategy to mitigate inflammation and protect neuronal tissue in neurological disorders.
All previous conclusions on the roles of PGE 2 /EP2 signaling were made on the basis of studies using either a selective EP2 agonist (e.g., butaprost) or mice deficient in the EP2 gene. Parallel data from direct pharmacological inhibition of EP2 receptors are missing, because in contrast to all other prostaglandin receptors no selective antagonists for the EP2 receptor have been reported until recently (21) . We developed a set of cell-based time-resolved fluorescence resonance energy transfer (TR-FRET) assays of cAMP formation that are suitable for high-throughput screening (HTS) and we used these assays to discover and then chemically modify novel selective competitive antagonists of this key prostaglandin receptor. Here, we report that a series of small molecules sharing a 3-aryl-acrylamide scaffold show high potency and good selectivity for inhibiting PGE 2 -induced cAMP accumulation in both human and mouse EP2-expressing cells and have sufficient pharmacokinetic properties to be useful in vivo. These small molecules completely suppressed the EP2-up-regulated inflammatory mediator COX-2 in rat primary microglial cultures. Administration of an EP2 antagonist in mice after pilocarpine-induced status epilepticus (SE) significantly reduced neurodegeneration in hippocampus. These results reinforce the value of the prostaglandin EP2 receptor as a potential neuroprotection target in epilepsy and other inflammation-related neurological disorders. This work was reported in preliminary form (22, 23) .
Results
Potent and Selective Antagonists for Human EP2 Receptors. Using a set of cell-based TR-FRET assays of cAMP formation, we screened a library of 262,371 small molecules and identified a series of compounds as antagonists of human prostaglandin EP2 receptor (Figs. S1 and S2). Among those, hits PubChem substance identification number (SID) 17,515,129 (resynthesized as TG4-155) and SID 17, 515, are the most potent ones (Fig. 1A) and showed robust inhibition of PGE 2 (1 μM)-induced cAMP accumulation (i.e., reduction of the TR-FRET signal) in human EP2-overexpressing C6 glioma (C6G-EP2) cells (11) , without affecting prostaglandin EP4 or β2-adrenergic receptors under agonist-saturated conditions (SI Results and Fig. S1 ). The potency of compounds was further evaluated by their effects on the dose-response curves of PGE 2 and butaprost, the EP2 selective agonist, in C6G-EP2 cells. Cells were incubated first with vehicle or a fixed concentration (1 μM) of test compound for 5 min and then with increasing concentrations of PGE 2 or butaprost for 40 min to induce cAMP accumulation. Both compounds caused a robust rightward shift in the PGE 2 dose-response curve without affecting the maximal response to PGE 2 . TG4-155 (1 μM) caused 1,120-fold shift and TG4-166 (1 μM) caused a 651-fold shift in the PGE 2 EC 50 (Fig.  1B) . TG4-155 and TG4-166 also caused robust inhibition of the EP2 response to butaprost in C6G-EP2 cells, TG4-155 (1 μM) producing a 962-fold rightward shift and TG4-166 (1 μM) a 678-fold shift in the butaprost EC 50 (Fig. 1C) . The quantitatively similar extent of inhibition by TG4-155 and TG4-166 against EP2 receptor activation by PGE 2 or butaprost demonstrates that EP2 inhibition is not agonist specific.
We next determined the functional selectivity of these hits for inhibiting EP2 receptors relative to other Gαs-coupled GPCRs. Cells expressing human EP4 or β2-adrenergic receptor were incubated with vehicle, 1 or 10 μM test compound and subsequently stimulated with increasing concentrations of PGE 2 or isoproterenol, respectively. TG4-155 and TG4-166 at 1 μM had no effect on prostaglandin EP4 receptors as shown by virtually overlapping PGE 2 dose-response curves (Fig. 1D ). Even at 10 μM, TG4-155 caused <2-fold shift and TG4-166 caused <10-fold shift in the PGE 2 EC 50 in HEK-EP4 cells (Fig. 1D ). There was also no effect of TG4-155 and TG4-166 (10 μM) on β2-adrenergic receptors as shown by overlapping isoproterenol dose-response curves (Fig.  1E) . Both EP4 and β2-adrenergic receptors are Gαs-coupled GPCRs, and EP4 is also activated by PGE 2 . Therefore, these results suggest that the compounds are selective for the EP2 receptor over EP4 and β2-adrenergic receptors. The selectivity of TG4-155 was further tested in cell-based functional assays against a panel of other GPCRs in leukotriene and prostanoid receptor families. TG4-155 displayed at least 500-fold selectivity for the human EP2 receptor over human BLT1, EP1, EP3, and FP receptors; 345-fold selectivity against human TP receptor; 240-fold selectivity against human IP receptor; and 7-fold selectivity against human DP1 receptor (Fig. S3 ). In addition, TG4-155 did not show substantial inhibition of COX-1 and COX-2 at 10 μM (Fig. S3) . These results indicate that of the nine canonical prostanoid receptors, TG4-155 shows nanomolar antagonist activity against only EP2 and DP1.
EP2 Antagonism Is Competitive. Information on mechanisms of inhibition can be obtained by performing a Schild regression analysis characterized by the equation log(dr − 1) = log X B − log K B , where dose ratio (dr) is the fold shift in EC 50 , X B is [antagonist] , and K B is the equilibrium dissociation constant for the antagonist-receptor complex. A linear regression of log(dr − 1) on log X B with a slope of unity characterizes a competitive antagonism and the K B value indicates the antagonist concentration required for a twofold rightward shift in the dose-response curve. Thus, a lower K B value indicates a higher inhibitory potency. To perform the Schild regression, C6G-EP2 cells were incubated first with vehicle, 0.01, 0.1, or 1 μM of test compound for 5 min and then with increasing concentrations of PGE 2 for 40 min to activate EP2 receptors. All compounds induced concentration-dependent, parallel rightward shifts in the PGE 2 doseresponse curve (Fig. 2 A-C) . The Schild regression analyses demonstrated that these compounds have a competitive mechanism of antagonism of EP2 receptor as illustrated by TG4-155 and TG4-166 with K B = 2.4 nM and K B = 4.6 nM, respectively ( Fig. 2D and Table 1 ). TG4-155 displayed a high affinity to human EP2 receptors with K i = 15 nM in the radioligand binding assay (Fig. S3) . The Schild regression analyses also revealed selectivity for EP2 over EP4 because the K B for antagonism of EP4 was 4,730-fold (TG4-155) and 435-fold (TG4-166) higher than for EP2 (Table 1 and Fig. 2 E and F) .
Structure-Activity Relationships. To obtain information on structure-activity relationships (SAR), we synthesized 27 small molecules based on the 3-aryl-acrylamide scaffold in TG4-155, (E)-N-(2-(2-methyl-1H-indol-1-yl)ethyl)-3-(3,4,5-trimethoxyphenyl) acrylamide, and TG4-166, (E)-3-(3,4-dimethoxyphenyl)-N-(2-(2-methyl-1H-indol-1-yl)ethyl)acrylamide (Fig. S4) . Four moieties were examined as determinants of compound potency and selectivity: methylindol, ethyl linker, acrylamide, and methoxyphenyl (Fig. 3) . All compounds were evaluated for inhibitory potency on EP2 and EP4 receptors by measuring the Schild K B values. Overall, compounds with a methylindol or fluoro-methylindol ring, ethyl linker, acrylamide, and methoxyphenyl or halogenphenyl retain activities in the low nanomolar range (SI Results, Fig. 3 , and Table 1 ). Introduction of fluorine (e.g., TG4-290-1 and and TG4-166 (1 μM) had no effect on prostaglandin EP4 receptor. At 10 μM, TG4-155 caused only a 1.8-fold shift and TG4-166 caused an 8.6-fold shift in the PGE 2 EC 50 in HEK-EP4 cells. (E) There was no effect of TG4-155 and TG4-166 (10 μM) on β2-adrenergic receptor as shown by overlapping isoproterenol dose-response curves. Data were normalized as percentage of maximum response; points represent mean ± SEM (n = 4).
TG6-10-1 in the western side and TG6-94-2 in the eastern side) to improve compound pharmacokinetic properties increased the in vitro metabolic stability of compounds, measured in mouse or human liver microsomes (SI Results, Fig. 3, and Fig. S5 ). All test compounds showed no significant cytotoxicity by measuring the half-maximal cytotoxic concentrations (CC 50 ) in C6G cells (Table  1) , as illustrated by TG4-155 and TG4-166 in Fig. S6 . Compared with hits TG4-155 and TG4-166, analogs TG4-290-1, TG4-292-1, and TG4-294-2 displayed improved potencies for EP2 receptor inhibition with K B = 2.1 nM, 1.8 nM, and 1.9 nM; in vitro therapeutic indexes (CC 50 /K B for EP2) of 73,800, 387,000, and 253,000; and selectivity indexes (K B for EP4/K B for EP2) of 2,600, 1,200, and 2,470 ( Fig. 2 and Table 1 ).
Microglial EP2 Activation Induces COX-2. Microglia are regarded as the resident macrophages in the CNS and thus believed to play a pivotal role in inflammation-mediated neurodegeneration in various models of neurological disorders (24) . COX-2 is well recognized as a major mediator of inflammation and neurotoxicity (7), and following seizures COX-2 up-regulation in neurons triggers an inflammatory reaction in the brain (13) . The activation of EP2 receptors on microglia, presumably by PGE 2 produced from neuronal COX-2, has been proposed to play an important role in brain inflammation (10, 16) . To examine the activity of TG4-155 on native EP2 receptors, rat primary microglial cultures were preincubated with vehicle or increasing concentrations of TG4-155 for 30 min, followed by addition of butaprost in the presence of antagonist for 2 h. The cellular cAMP levels were evaluated by TR-FRET assay and the induction of COX-2 mRNA was measured by quantitative realtime PCR (qRT-PCR). Butaprost induced a substantial increase of cAMP level in rat primary microglia with an EC 50 value of 0.5 μM, and TG4-155 displayed robust competitive inhibition of butaprost-induced EP2 activation in a concentration-dependent manner with potency equivalent to a Schild K B of 5 nM (Fig. 4A ).
EP2 receptor activation on microglia causes induction of proinflammatory cytokines and other mediators (25) . We studied EP2-mediated induction of COX-2 because induction is rapid and large in comparison with other inflammatory mediators. EP2 activation by 1 μM butaprost for 2 h did not affect expression of the EP2 receptor itself in microglia (Fig. 4B ), but increased COX-2 expression 16.3-fold (Fig. 4C) . The up-regulation of COX-2 by microglial EP2 was returned to the basal level by 100 nM TG4-155, but not below basal (Fig. 4B ). It is unlikely that the DP1 receptor is involved in this inhibitory effect on COX-2 induction for the following reasons. First, 1 μM butaprost does not activate DP1 (26) ; second, TG4-155 inhibits DP1 by <50% at 100 nM (Fig. S3) ; third, the DP1 agonist, BW245C (26), does not induce COX-2 mRNA at a concentration selective for DP1 under the same conditions (Fig. 4D) ; finally, a 2-h assay incubation would be insufficient time to produce significant COX-2 protein (if indeed the mRNA is translated in microglia) and hence the DP1 agonist, PGD 2 , from the induced mRNA. These considerations lead to the conclusion that TG4-155 blocks endogenous as well as recombinant EP2 and confirm a role for the EP2 signaling pathway in microglia.
Delayed Administration of EP2 Antagonist Reduces Neuronal Injury
Induced by Status Epilepticus. Up-regulation of COX-2 in neuronal tissue after a seizure or cerebral ischemia usually contributes to neuronal injury. However, the downstream COX-2 signaling pathways involved in brain injury are not well known. Creation of potent antagonists of the human prostaglandin EP2 receptor provides a new opportunity to determine whether this key prostaglandin receptor plays a role in pathological conditions. Thus, we determined the effect of EP2 inhibition by these compounds after pilocarpine-induced SE in mice. First, we evaluated the potency of TG4-155 on mouse EP2 receptor because of sequence differences between human and mouse EP2. TG4-155 displayed robust inhibition of PGE 2 -induced cAMP accumulation in C6G cells stably expressing mouse EP2 receptor (C6G-mEP2) in a dose-dependent manner with a K B value of 4.7 nM, which is similar to that in human EP2 (Fig. S7 ). TG4-155 displayed a bioavailability of 61% (i.p. route compared with i.v.), a plasma half-life of 0.6 h, and a brain/plasma ratio of 0.3 in mice after i.p. administration (Fig. S8) . Despite its short plasma half-life we felt it was worthwhile to test the effect of TG4-155 in an in vivo mouse model of epilepsy because COX-2 up-regulation after seizures is rapid.
Pilocarpine-induced SE was allowed to proceed for 1 h and then terminated by pentobarbital (SI Materials and Methods). The mice were then randomized and TG4-155 or vehicle was administered (5 mg/kg, i.p.) 1 h after termination of SE and then again 12 h later. The first injection was timed to overlap the early peak of neuronal COX-2 induction; given the brain half-life and the amount injected, the brain concentration of TG4-155 is predicted to be higher than the mouse K B for >3 h (Fig. S8) . Animals (10 in each group) were euthanized and the brains were collected 24 h after SE. To evaluate brain injury of mice, coronal brain sections (8 μm, three to nine sections per mouse throughout the hippocampus) were stained with Fluoro-Jade (0.001%, wt/vol) and scored for degenerating neurons in hippocampal subregions CA1, CA3, and dentate hilus (Fig. S9) . Pilocarpine-induced SE caused substantial neurodegeneration in hippocampus 24 h after SE (Fig. 5A) , whereas no positive staining was detected in animals from the control groups. Administration of TG4-155 significantly reduced SE-induced neurodegeneration scores by 91% (P < 0.001) in CA1, by 80% (P < 0.01) in CA3, and by 63% (P < 0.001) in hilus (Fig. 5B) . The involvement of DP1 in the effect of TG4-155 should be very limited because TG4-155 had a concentration of ∼69 nM in the mouse brain at 1 h after administration (Fig. S8 ) and thus would have had at most a very brief effect on DP1 (Fig. S3) . Moreover, DP1 inhibition is proconvulsive in the pentylenetetrazol model (27) , arguing against a prominent role for DP1 inhibition in the neuroprotection produced by TG4-155. However, DP1 activation can be neuroprotective in models of excitotoxicity and ischemia (28, 29) , so whether DP1 activation by PGD 2 contributes to seizure-induced neuronal injury requires additional study. Further studies are also needed to optimize the TG4-155 treatment protocol (dose and dose intervals) to determine whether neuroprotection is sustained at longer time points (e.g., several weeks after SE) and to determine whether TG4-155 displays a direct anticonvulsant effect. However, these results provide strong support for involvement of the EP2 receptor in neuronal injury following a prolonged seizure.
Discussion
Sustained COX-2 activation in CNS can result in PGE 2 -mediated brain inflammation and injury (2, 4, 5, 7, 20) . For example, the EP1 prostaglandin receptor was reported to mediate COX-2-directed neurotoxicity in ischemic stroke (6) , and EP2 accelerates the progression of experimental amyotrophic lateral sclerosis (10) . EP2 is emerging as a principal mediator of brain inflammation after injury. Genetic ablation of prostanoid receptors has been useful but is complicated by the possibility of developmental and other homeostatic adjustments (9) . Small molecules as selective modulators for prostaglandin receptors would be a valuable complement to genetic strategies. We now report discovery of a group of compounds that act as potent competitive antagonists of the human, mouse, and rat prostaglandin EP2 receptors. These compounds contain a 3-aryl-acrylamide scaffold and are structurally distinct from PF-04418948, a highly selective EP2 antagonist recently reported by Pfizer (21) . The selectivity of PF-04418948 for EP2 over DP1 is higher than that of TG4-155; however, PF-04418948 was not tested as an inhibitor of COX-1 or COX-2, and its brain penetration was not reported. Identification of selective and potent antagonists of the EP2 receptor provides an opportunity to address the pathological functions of this key prostaglandin receptor to reach a more detailed understanding of the COX-2 cascade in disease.
The EP2 antagonists we report here have robust potency, good selectivity, and brain penetration. The most potent compounds showed competitive antagonism with K B values of 2 nM against human EP2 in Schild regression analyses (Fig. 2 and Table 1 ). These EP2 inhibitors produced a similar effect on the butaprost and PGE 2 dose-response curves, indicating that their inhibition is not agonist specific (Fig. 1C) , and they were effective on native EP2 receptors expressed by microglia (Fig. 4A) . The results from secondary assays exclude possible effects of these compounds upor downstream of the EP2 receptor. Their lack of effect on EP4 and β2-adrenergic receptors rules out a direct action on the Gαs protein, adenylate cyclase, phosphodiesterase, and the TR-FRET assay itself (Fig. S1 and Fig. 1 D and E) . Both EP2 and EP4 receptors are Gαs coupled and elevate the cytoplasmic cAMP level in response to PGE 2 binding, which has made it difficult to distinguish EP2 from EP4 functions in conditions involving induced PGE 2 formation. The high selectivity (up to 4,730-fold) of these antagonists for EP2 over EP4 (Fig. 1D and Table 1 ) will make it feasible to address which PGE 2 receptor subtype is involved in Gαs-mediated inflammatory conditions. Furthermore, these compounds displayed very little or no detectable activity at other tested prostanoid receptors except the DP1 receptor, against which TG4-155 was 7-fold less potent than at EP2 (Fig. S3) .
The mechanisms of COX induction and the roles of EP2 receptor activation in seizure-induced neuroinflammation and neurodegeneration are clearly multifactorial and likely cell specific. Studies of neuron-specific conditional knockouts of COX-2 demonstrate that neuronal induction of COX-2 triggers or exacerbates brain inflammation and neurodegeneration after pilocarpine (13) . Microglial COX-1 is an alternative source of PGE 2 that might also play a role in brain inflammation (30, 31) . As brain macrophages, microglia are a major mediator of immune responses in CNS and are effectors of brain inflammation and neurodegeneration in various models of neurological disorders (24) . We hypothesize that after seizures neuronal COX-2 produces PGE 2 , which activates EP2 receptors on microglia, accelerating the innate immune response after SE and triggering secondary neurodegeneration. At the same time, activation of EP2 receptors on neurons, via a PKAdependent pathway, appears to be neuroprotective in acute models of NMDA-induced excitotoxicity and ischemia (3, 11, 12) . The dual role of EP2 receptors, mediating both neuroprotection and neurodegeneration perhaps by different cell types and different pathways (32), complicates exploitation of EP2 as a therapeutic target. The balance between opposing NMDA-mediated cell injury and promoting injurious inflammation will likely be different for different neurologic disorders. SE in man is associated with substantial mortality and morbidity that involve brain injury and inflammation. We demonstrate that inhibition of the EP2 receptor after SE was terminated significantly reduces neurodegeneration in mice assessed 24 h later (Fig.  5 ). This beneficial effect was not derived from conventional COX blockade because TG4-155 does not target COX-1 or COX-2 ( Fig. S3) and was unlikely to involve the weaker inhibition of DP1 because the TG4-155 brain levels reached were too low. Neuroprotection by EP2 inhibition reveals a role for this key prostaglandin receptor in progression of seizure-induced neurodegeneration, possibly via induction of inflammatory mediators in microglia. The effect of EP2 antagonists on brain inflammation in other chronic neurologic disorders such as Alzheimer's and Parkinson's diseases awaits study. 
Materials and Methods
Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET) cAMP Assay. cAMP was measured with a cell-based homogeneous TR-FRET method (Cisbio Bioassays). The assay is based on generation of a strong FRET signal upon the interaction of two molecules: an anti-cAMP antibody coupled to a FRET donor (Cryptate) and cAMP coupled to a FRET acceptor (d2). Endogenous cAMP produced by cells competes with labeled cAMP for binding to the cAMP antibody and thus reduces the FRET signal. Please see SI Materials and Methods for details.
Rat Primary Microglial Culture. Cortices from newborn Sprague−Dawley rats were carefully dissected, triturated, and washed. Cortical cells were cultured for 14 d with medium changed every 2−3 days. The loosely attached microglia were dislodged from the underlying astrocyte monolayer and collected. The cells were resuspended and plated on BD Primaria culture dishes or plates (BD Biosciences). Nonadherent cells were removed by changing the medium after 30−60 min. The adherent microglia were incubated for 24 h, underwent serum starvation for 24 h, and were then ready for use. Please see SI Materials and Methods for details.
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR). Rat primary microglial cultures were preincubated for 30 min with vehicle or test compound, followed by treatment with 1 μM butaprost or 10 nM BW245C for 2 h. Total RNA was isolated using TRIzol (Invitrogen) with the PureLink RNA Mini Kit (Invitrogen) from cultured cells. First-strand complementary DNA (cDNA) synthesis was performed with SuperScript II Reverse Transcriptase (Invitrogen). qRT-PCR was performed by using iQ SYBR Green Supermix (BioRad Laboratories) in the iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad Laboratories). Please see SI Materials and Methods for details.
Animals and Treatment. C57BL/6 mice (8-12 wk old) were injected with pilocarpine (280 mg/kg, i.p.) to induce status epilepticus (SE). SE was allowed for 1 h and terminated by pentobarbital (30 mg/kg, i.p.). Mice were then
randomized by assignment to a random number stream and received two doses of vehicle or TG4-155 (5 mg/kg, i.p.) at 1 and 12 h after SE termination. Mice were euthanized under deep isoflurane anesthesia 24 h after SE and brains were collected for histology. Please see SI Materials and Methods for details.
Neuropathology. Fixed mouse brains (n = 10 per group) were sectioned (8 μm) coronally. Neurodegeneration in the hippocampus was assessed by FluoroJade staining as previously described (13) . Fluoro-Jade staining in each of three to nine sections (median: six sections) per mouse between bregma −1.22 and −3.52 was quantified in CA1 and CA3 by scoring criteria (0, <3 Fluoro-Jade-positive cells per section; 1, 3-30 cells; 2, 31-100 cells; 3, extensive Fluoro-Jade staining), exemplified in Fig. S9 . The average injury score for each mouse was a continuous variable that ranged from 0.11 to 2.60 and was used to compare the degree of injury in mice treated with vehicle or TG4-155. The injury scores passed the Kolmogorov-Smirnov test for normality. Neuronal injury in the dentate hilus was measured by counts of Fluoro-Jade-positive cells in each section. Please see SI Materials and Methods for details.
Statistical Analysis. Data were plotted with Origin (OriginLab). Statistical analyses were performed using Prism (GraphPad Software) with one-way ANOVA and posthoc Bonferroni or t test as appropriate. P < 0.05 was considered to be statistically significant. Data were normalized to control (vehicle) values and presented as mean ± SEM.
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SI Results
High-Throughput Screening for EP2 Antagonists. Using a cell-based time-resolved fluorescence resonance energy transfer (TR-FRET) assay to monitor prostaglandin E2 receptor (PGE 2 )-induced cAMP accumulation in human EP2-overexpressing C6 glioma (C6G-EP2) cells (1), we screened a library of 262,371 small molecules (each at 20 μM in singlicate) for compounds that increase the TR-FRET signal (i.e., decrease the cytoplasmic cAMP level) in the presence of 1 μM PGE 2 in C6G-EP2 cells (Fig. S1A) . The concentration of 1 μM PGE 2 is 500-to 1,000-fold higher than its EC 50 in this assay (typically 1-2 nM) and therefore saturates the EP2 receptor response to the agonist. Two measures of assay robustness, the signal-to-noise ratio (S/N) and the Z-factor, were used to ensure quality of the assay for screening. Both assay parameters were adequate for highthroughput screening (HTS) (S/N > 4.5, Z-factor > 0.5) over the primary screening (Fig. S2) . A total of 656 compounds inhibited the response of C6G-EP2 cells to PGE 2 by at least 55% at 20 μM and were further tested in dose-response in triplicate in a suite of four secondary assays designed to eliminate false positives and evaluate selectivity: (i) inhibition of PGE 2 (1 μM)-induced cAMP accumulation in C6G-EP2 cells, (ii) inhibition of PGE 2 (1 μM)-induced cAMP accumulation in HEK-EP4 cells, (iii) inhibition of isoproterenol (1 μM)-induced cAMP accumulation in C6G-β2-adrenergic receptor cells, and (iv) increasing the TR-FRET signal in a cell-free system in the presence of 1 μM cAMP (Fig. S1A) . Compounds had to be positive in the first assay (IC 50 < 10 μM) and negative in assays ii and iii (<40% maximum inhibition) without affecting the assay itself (iv) to proceed. Assays ii and iii are designed to examine selectivity because, like EP2, both EP4 and β2-adrenergic receptors couple through Gαs to stimulate adenylate cyclase; a negative response in these assays also minimizes the possibility that a compound reduces cAMP by directly activating phosphodiesterase. Inactivity in assay iv demonstrates that the compound does not interfere with the assay itself, for example by directly elevating the TR-FRET signal. A total of 13 compounds passed the secondary assays and an extra confirmatory test (i) (Fig. S1A) . Among those, hits PubChem substance identification number (SID) 17,515,129 (resynthesized as TG4-155) and SID 17,515,102 (TG4-166) are the most potent compounds and showed robust inhibition of PGE 2 (1 μM)-induced cAMP accumulation in C6G-EP2 cells without affecting EP4 or β2-adrenergic receptors under agonistsaturated conditions (Fig. S1B) .
Structure-Activity Relationships. In the western side of the molecule, addition of an extra nitrogen in the indol ring to improve solubility, as in TG4-211-1, TG4-211-2, TG4-215-2, and TG4-161, significantly reduced the potency of the compound (Table 1) . Substitution of the indol ring by a methylpiperidine ring (TG6-109-1) eliminated activity. A fluorine attached to the methylindol ring (TG4-290-1 and TG4-290-2) did not significantly affect the compound potency. If the methylindol ring was replaced by trifluoromethylindol, as in TG6-10-1 and TG6-10-2, compound potency was reduced only ∼10-fold. Thus, incorporation of a fluorine or trifluoromethyl group is well tolerated, which is potentially useful to improve compound pharmacokinetic properties (2) . In the central portion of the molecule, replacement of the ethyl with propyl (TG4-154) to lengthen the linker between acrylamide and methylindol, or addition of N-methyl to the acrylamide (TG6-78), or replacement of acrylamide by propionamide (TG4-156) to remove the double bond greatly diminished potency. In the eastern side of the molecule, potency followed the pattern trimethoxyphenyl (TG4-155) > dimethoxyphenyl (TG4-166) > monomethoxyphenyl (TG6-94-1 and TG6-97-1) > benzodioxole (TG4-215-1). If a methoxy was replaced by ethoxy (TG4-292-2), potency was not much affected. However, if the methoxy was replaced by an isobutyl (TG6-109-2), potency was reduced about fivefold compared with TG6-94-1. Interestingly, if the methoxy was replaced by fluorine, the potency from difluorophenyl (TG6-94-2 and TG6-97-2) is higher than that from trifluorophenyl (TG6-94-3 and TG6-97-3). Replacement of methoxy by other halogens such as bromine in TG4-292-1, or chlorine in TG4-294-1 and TG4-294-2, also increased potency compared with TG4-155, TG4-166, and TG4-290-2. The methoxy position in the phenyl ring is also critical for the compound activity; for example, if methoxy was rotated from the 3 to the 2 position, inhibition was significantly reduced, comparing TG4-292-1 to TG6-110.
SI Materials and Methods
Cell Culture. The rat C6 glioma (C6G) cells stably expressing human EP2 (C6G-EP2) or mouse EP2 (C6G-mEP2) receptors were created in the laboratory (1) and grown in Dulbecco's modified Eagle medium (DMEM) (Invitrogen), supplemented with 10% (vol/vol) FBS (Invitrogen), 100 units/mL penicillin, 100 μg/mL streptomycin (Invitrogen), and 0.5 mg/mL G418 (Invitrogen). The human embryonic kidney (HEK) cell line stably expressing the human EP4 receptors (HEK-EP4) was a kind gift from Merck. The C6G cell line stably expressing β2-adrenergic receptors (C6G-β2-AR) was a kind gift from Kenneth Minneman from Emory University (Atlanta, GA). HEK-EP4 cells and C6G-β2-AR cells were maintained in complete DMEM containing 250 μg/ mL G418 and 200 μg/mL hygromycin B (Invitrogen).
Chemicals and Drugs. PGE 2 , butaprost, BW245C, rolipram, and doxorubicin were purchased from Cayman Chemical. Isoproterenol, methylscopolamine, terbutaline, pilocarpine, and pentobarbital were purchased from Sigma-Aldrich.
HTS in 1,536-Well Format. C6G-EP2 cells were dissociated and suspended in Hanks' buffered salt solution (HBSS). To optimize cell density for HTS and minimize day-to-day variation, a dose-response curve for PGE 2 was obtained at several cell densities every day before screening. The cell density (generally 2,000-3,000 cells per well) yielding an EC 50 for PGE 2 of 2-3 nM was selected for HTS. Assay plates were prepared by dispensing 4 μL per well of the cells suspended in HBSS containing 20 μM rolipram into 1,536-well black plates (Corning), using a Multidrop Combi dispenser (Thermo-Fisher Scientific). One-tenth microliter of 1 mM library compounds diluted in DMSO or vehicle was transferred to the cell assay plate, using a Pintool (V&P Scientific) integrated with Beckman NX liquid handler (Beckman Coulter), and incubated for 5-30 min. Then, 1 μL of 5 μM PGE 2 was dispensed to the wells with library compounds or vehicle as a control. The final concentration of the library compound was 20 μM and the PGE 2 concentration was 1 μM. Each plate had a set of positive and negative controls in one 32-well column. After incubating with PGE 2 for 30 min, the cAMP-d2 (1 μL) and anti-cAMP-Cryptate (2 μL) in lysis buffer were dispensed sequentially to the assay plates and incubation continued at room temperature for 0.5-2 h. The TR-FRET signal was measured by an Envision 2103 Multilabel Plate Reader (PerkinElmer Life Sciences) with a laser excitation at 337 nm and dual emissions at 665 nm and 590 nm for d2 and Cryptate, respectively. The FRET signal is expressed as F665/F590 × 10 4 . The effect of each compound on 1 μM PGE 2 -induced cAMP production was expressed by the following equation:
% inhibition of PGE 2 -induced cAMP ¼ 100 − 100 × ðFRET signal from vehicle − FRET signal from test compound with PGE 2 Þ=ðFRET signal from vehicle − FRET signal from PGE 2 onlyÞ:
All screening data were deposited into PubChem (http://pubchem. ncbi.nlm.nih.gov/, assay ID 1422).
cAMP Assay in 384-Well Format. Cells were seeded into 384-well plates in 30 μL complete medium (4,000 cells per well) and grown overnight. The medium was thoroughly withdrawn and 10 μL HBSS (HyClone) plus 20 μM rolipram were added into the wells to block phosphodiesterase. The cells were incubated at room temperature for 30 min and then treated with vehicle or test compound for 5 min before addition of increasing concentrations of appropriate agonist-PGE 2 , butaprost, or isoproterenol for 40 min. The cells were lysed in 10 μL lysis buffer containing the FRET acceptor cAMP-d2 and 1 min later another 10 μL lysis buffer with anti-cAMP-Cryptate was added. After 60-90 min incubation at room temperature, the TR-FRET signal was detected by an Envision 2103 Multilabel Plate Reader (PerkinElmer) with a laser excitation at 337 nm and dual emissions at 665 nm and 590 nm for d2 and Cryptate, respectively. The FRET signal is expressed as F665/F590 × 10 4 .
Radioligand Binding Assay. Binding selectivity assays for EP2 receptor were performed at Cerep. Cell membrane homogenates (20 μg protein) from HEK cells stably expressing human EP2 receptor were incubated with 3 nM [ 3 H]PGE 2 in the absence or presence of the test compound in a buffer containing 10 mM Mes/KOH (pH 6.0), 10 mM MgCl 2 , and 1 mM EDTA, at room temperature for 120 min. Nonspecific binding was determined in the presence of 10 μM PGE 2 . Following incubation, the samples were filtered rapidly under vacuum through glass fiber filters (GF/B; Packard) presoaked with 0.3% polyethyleneimine (PEI) and rinsed several times with ice-cold 50 mM Tris·HCl, using a 96-sample cell harvester (UniFilter; Packard). The filters were dried and then counted for radioactivity in a scintillation counter (TopCount; Packard), using a scintillation mixture (MicroScint 0; Packard). The results were expressed as a percentage of inhibition of the control radioligand-specific binding. The doseresponse curves were generated, and IC 50 and K i values were calculated with Origin (OriginLab).
Cellular Functional Assays in Recombinant Cells. Broad spectrum selectivity assays of TG4-155 were carried out by Cerep. In brief, Chinese hamster ovary (CHO) cells or HEK cells stably expressing human BLT1, DP1, EP1, EP2, EP3, EP4, FP, IP or TP were preincubated with or without test compound at room temperature for 5 min, and then an EC 80 of specific reference agonist, i.e., 10 nM LTB 4 for BLT1, 10 nM BW245C for DP1, 3 nM PGE 2 for EP1, 300 nM PGE 2 for EP2, 0.1 nM sulprostone for EP3, 30 nM PGE 2 for EP4, 5 nM PGF 2α for FP, 0.3 nM iloprost for IP, and 30 nM U-44069 for TP, was added to induce receptor response. Results were expressed as a percentage of inhibition of the control response to reference agonist. The dose-response curves were generated and IC 50 values were calculated with Origin.
Enzyme Assay. Enzyme assays for COX-1 and COX-2 were performed by measuring the formation of PGE 2 from arachidonic acid at Cerep. COX-1 or COX-2 enzyme (0.2 μg) extracted from transfected Sf9 cells was preincubated with or without test compound in a buffer containing 90 mM Tris·HCl (pH 8.0), 1.98 mM phenol, and 1.02 μM hematine, at room temperature for 20 min.
The reaction was initiated by adding 2 μM arachidonic acid, and the mixture was incubated at room temperature for 5 min. The reaction was stopped by adding 1 M HCl and then 1 M Tris·HCl (pH 8.0) followed by cooling to 4°C. Production of PGE 2 was measured and the results were expressed as a percentage of inhibition of the control enzyme activity.
Metabolic Stability. In vitro metabolic stability assays were performed at SRI International. Test compounds (1 or 10 μM) were incubated with pooled human or mouse liver microsomes. Samples were collected at 0, 15, 30, and 60 min. The remaining parent compound in the solution was measured by liquid chromatography-mass spectrometry (LC-MS/MS). Heat-inactivated microsomes were used as negative controls in which no degradation of test compounds was detected.
Cytotoxicity Assay. Cytotoxicity of test compounds was examined with the CellTiter-Glo Luminescent Cell Viability Assay (Promega) by measuring cellular ATP level, which correlates with cell viability. Briefly, C6G cells were plated in 384-well plates at 2,000 cells per well in 25 μL DMEM plus test compound at increasing concentrations and incubated for 48 h. CellTiter-Glo reagent (25 μL) was then added to each well. The contents were mixed for 2 min on an orbital shaker to induce cell lysis and incubated at room temperature for 10 min. Relative viability is proportional to luminescence intensity as measured by a microplate reader (Molecular Devices) with an integration time of 1 s.
Rat Primary Microglial Culture. Cortices from newborn SpragueDawley rats were carefully dissected, triturated, and washed. Cortical cells were cultured in DMEM plus 10% FBS, 100 units/ mL penicillin, 100 μg/mL streptomycin, and 2 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF) for 14 d with medium changed every 2-3 d. The loosely attached microglia were dislodged from the underlying astrocyte monolayer by gentle agitation and then collected by centrifuge (300 × g, 10 min). The cells were resuspended in DMEM plus 10% FBS with penicillin/streptomycin and 0.2 ng/mL GM-CSF and plated on BD Primaria culture dishes or plates (BD Biosciences). Nonadherent cells were removed by changing the medium after 30-60 min. The adherent microglia were incubated for 24 h and underwent serum starvation in macrophage serum-free medium (MSFM) plus 0.2 ng/mL GM-CSF for 24 h. The purified microglia were then ready for use.
Quantitative Real-Time PCR (qRT-PCR). Primary microglial cultures were preincubated for 30 min with vehicle or test compound, followed by treatment with 1 μM butaprost or 10 nM BW245C for 2 h. Total RNA was isolated using TRIzol (Invitrogen) with the PureLink RNA Mini Kit (Invitrogen) from cultured cells. RNA concentration and purity were measured by A 260 value and A 260 /A 280 ratio, respectively. First-strand cDNA synthesis was performed with 0.2 μg of total RNA, 200 units of SuperScript II Reverse Transcriptase (Invitrogen), and 0.5 μg random primer in a reaction volume of 30 μL at 42°C for 50 min. The reaction was terminated by heating at 70°C for 15 min. qRT-PCR was performed by using 8 μL of 10× diluted cDNA, 0.1-0.5 μM of primers, and 2× iQ SYBR Green Supermix (Bio-Rad Laboratories) with a final volume of 20 μL in the iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad Laboratories). Cycling conditions were as follows: 95°C for 2 min followed by 40 cycles of 95°C for 15 s and then 60°C for 1 min. Melting curve analysis was used to verify single-species PCR product. Fluorescent data were acquired at the 60°C step. The geometric mean of cycle thresholds for β-actin, GAPDH, and HPRT1 was used as an internal control for relative quantification. Samples without cDNA template served as the negative controls.
Pharmacokinetics. Pharmacokinetics study of compound TG4-155 was performed at Absorption Systems. C57BL/6 mice (Charles River) were administered test compounds (3 mg/kg, i.p.) in formulation [5% dimethylacetamide (DMA), 50% PEG 400, 40% saline]. Blood samples were collected at 0.25, 0.5, 1, 2, 4, and 8 h, and the brain samples were collected at 0.5, 1, and 4 h. Three animals were used per time point and killed after a single blood collection. Plasma and brain homogenate samples were extracted and analyzed by LC-MS/MS. Animals and Treatment. C57BL/6 mice (8-12 wk) from Charles River were housed under a 12-h light/dark cycle with food and water ad libitum. To minimize peripheral side effects of pilocarpine, mice were injected with methylscopolamine and terbutaline (2 mg/kg each in saline, i.p.). After 15-30 min, pilocarpine (280 mg/kg in saline, freshly prepared, i.p.) was injected to induce status epilepticus (SE). Control mice received methylscopolamine and terbutaline but no pilocarpine. Seizures were classified as follows (3-6):
Mice underwent SE for 1 h, and SE was then terminated by i.p. injection of 30 mg/kg pentobarbital in saline. Mice were then randomized by assignment to a random number stream and received two doses of vehicle (10% DMSO, 50% PEG 400, 40% ddH 2 O) or TG4-155 (5 mg/kg, i.p.) at 1 and 12 h after SE termination. After mice became ambulatory, 0.5 mL 5% dextrose in lactated Ringer's solution (Baxter) was injected s.c. Mice were fed moistened high-fat rodent chow and injected s.c. with 0.5 mL 5% dextrose in lactate Ringer's solution when necessary. Mice were euthanized under deep isoflurane anesthesia 24 h after SE and brains were collected. The brains were immersed in 4% paraformaldehyde (PFA) fixative for at least 10 h for histology. All experiments were approved by the Institutional Animal Care and Use Committee of Emory University and conducted in accordance with its guidelines. Every effort was made to minimize animal suffering.
Neuropathology. Fixed mouse brains (n = 10 per group) were embedded in paraffin and sectioned (8 μm) coronally. Neurodegeneration in the hippocampus was assessed by Fluoro-Jade staining with a fluorescence microscope as described in ref. 6 . Fluoro-Jade staining in each of three to nine sections (median: six sections) per mouse between bregma −1.22 and −3.52 was quantified in CA1 and CA3 by scoring criteria (0, <3 FluoroJade-positive cells per section; 1, 3-30 cells; 2, 31-100 cells; 3, extensive Fluoro-Jade staining, often in patches), exemplified in Fig. S9 . The average injury score for each mouse was a continuous variable that ranged from 0.11 to 2.60 and was used to compare the degree of injury in mice treated with vehicle or TG4-155. The injury scores passed the Kolmogorov-Smirnov test for normality. Neuronal injury in the dentate hilus was measured by counts of Fluoro-Jade-positive cells in each section. The evaluation of cell injury was done without knowledge of treatment.
Chemical Design and Synthesis. All compounds were either obtained through commercial sources or synthesized and analyzed by NMR, high-resolution mass spectrometry (HRMS), and elemental analysis. Agilent LC-MS was used to demonstrate that compounds did not degrade throughout the study. TG4-155 was synthesized as shown in Fig. S4 . A solution of (E)-3-(3,4,5-trimethoxyphenyl) acrylic acid [220 mg, 0.92 mmol, 1.05 equivalent (eq.)] and dimethylaminopyridine (DMAP) (10 mg) in dichloromethane (6 mL) was added to a solution of 2-(2-methyl-1H-indol-1-yl)ethanamine (152 mg, 0.87 mmol, 1 eq.) in dichloromethane (2 mL), followed by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDCI) (190 mg, 1 mmol, 1.13 eq.) at room temperature. The resulting solution was stirred for 3 h. At the conclusion of the reaction (monitored by TLC), water (25 mL) was added to quench the reaction. The organics were separated from aqueous phase by extraction with ethyl acetate (3×, 20 mL). Combined organics were washed with 1% HCl (10 mL), saturated NaHCO 3 solution (10 mL), water (10 mL), and brine solution (10 mL). Organics were dried and concentrated to dryness. The resulting crude product was recrystallized with hexane-ethyl acetate mixture to furnish pure compound product TG4-155 (300 mg, 85% yield). All other compounds were synthesized and characterized in a similar manner.
Mass spectrometric analysis was provided by the Emory University Mass Spectrometry Center. Proton NMR spectra were recorded in solvent deuteriochloroform (CDCl 3 ) on a Varian Inova-400 (400 MHz), unless otherwise mentioned. TLC was performed on precoated, aluminum-backed plates (silica gel 60 F 254 , 0.25 mm thickness) from EM Science and was visualized by UV lamp. Column chromatography was performed with silica gel (230-400 mesh ASTM), using the "flash" method. Agilent LC-MS was used to measure purity of the products. Elemental analyses were performed by Atlantic Microlab. 
